On-board measurements of unit emissions of CO, HC, NOx and CO 2 were conducted on 17 private cars powered by different types of fuels including gasoline, dual gasoline-LPG, gasoline, and diesel.
Introduction
Thanks to its chemical composition, such as the H/C ratio, and to its physicochemical properties, such as calorific capacity (Díaz et al., 2000; Lim et al., 2006) , Liquefied Petroleum Gas (LPG) is often considered as a clean alternative fuel to liquid ones, and hence widely used in many countries (Johnson, 2003; Karamangil, 2007) . In 2010, the LPG vehicle fleet in the world was estimated at roughly 17 million (WLPGA, 2012) , and roughly 0.3 million vehicles have been converted to LPG in Algeria (Boughedaoui et al., 2007) . The environmental benefits of LPG have been widely described in scientific articles based on either engine bench or chassis dynamometer emission measurements (Bayraktar and Durgun, 2005; Li et al., 2007; Lai et al., 2009 ). However, very few on-road measurements of LPG-powered passenger cars have been performed in real driving conditions to assess the environmental performance of LPG fuel in comparison with gasoline and diesel (Lau et al., 2011; Oprešnik et al., 2012) .
Initially, chassis dynamometer measurements were designed to test vehicle emissions in view of certification, using a standardized driving cycle. However, standardized driving cycles are not representative of real traffic conditions (André and Rapone, 2009) . Alternative techniques to perform on-road measurements of emissions were developed, widely tested and compared with the standard method (Franco et al., 2013) . Pelkmans and Debal (2006) conducted measurements on the NEDC standard European cycle in real traffic in two European cities. The emissions measured in real traffic were higher than on the standard driving cycle by at least 60% and 30% for diesel and gasoline vehicles, respectively, for almost all pollutants. Nitrogen oxide (NOx) emissions in real traffic were found to be 2 to 4 times higher than emissions measured on the NEDC (Pelkmans and Debal, 2006; Rubino et al., 2007; Daham et al., 2009; Weiss et al., 2011; ) . Strong acceleration is not considered in the NEDC, making it unrepresentative of real traffic conditions (Weiss et al., 2012) .
Acceleration, among other driving and environmental conditions, contributes to increase the emission of all pollutants versus emissions measured with NEDC. Finally, it has been shown (Daham et al., 2009; Weiss et al., 2011; Franco et al., 2013 ) that carbon dioxide (CO 2 ) emissions measured using a chassis dynamometer were underestimated by 10% to 50% in comparison with real emissions measured with a PEMS (Portable Emission Measurement System) for different vehicles with emission standards from Euro 1 to Euro 4.
It has been noted that emissions are significantly underestimated by chassis dynamometer measurements compared with on-board techniques, which increases the uncertainty of pollutant emission estimation. This calls into question the representativeness of chassis dynamometer measurements with respect to real emissions. On the other hand, real kinematics are still difficult to reproduce on a test bench taking into account all environmental parameters.
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Only a few measurements with LPG-powered vehicles have been performed on-board to evaluate pollutant emissions under real driving conditions. A vehicle fuel switch from gasoline to LPG was found to decrease CO 2 emissions measured on a chassis dynamometer by 14% (Ristovski, 2005; Yang, 2007) , and carbon monoxide (CO) and total hydrocarbons (THC) by 71% and 89%, respectively. Using the remote sensing technique, Ning and Chan (2007) were able to measure and compare pollutant emissions for LPG, gasoline and diesel powered vehicles. The CO and THC emissions from LPG-powered vehicles were lower than those from gasoline and higher than those from diesel.
Recently, Lau et al. (2011) used PEMS to compare emissions from LPG-powered vehicles on the road and on a chassis dynamometer. The results from the on-road measurements showed higher levels of CO and THC emissions.
Researchers tend to consider the emissions of vehicles in real traffic as more representative for environmental study purposes. They can enhance road traffic emission inventory control, air quality modeling and air pollution abatement strategies for road transportation (Franco et al., 2013) . The abovementioned measurement discrepancies call into question the standard method, whose results are not representative of real emissions under real driving conditions. Therefore, and for more realistic measurement, the purpose of this paper is to explore the environmental efficiency of LPG powered vehicles measured with an on-board system called mini-CVS (Boughedaoui et al., 2008) in real traffic conditions on 17 vehicles equipped with different conversion kits and injection technologies. Such measurements reflect the emissions from used vehicles that take into account real vehicle usage conditions, with a comparison with emissions from gasoline and diesel powered vehicles.
Experiment

Method
The methodology is based on sampling gaseous pollutants along the route with a mini-CVS. This technique was developed by the Warren Spring Laboratory (UK), then tested and validated by INRETS (France) and used by several research teams (Potter, 1987; Van Ruymbeke, 1993; Boughedaoui, 2008) . The mini-CVS sampling system is a reduced and simplified version of the CVS system. It is installed on board the test vehicle and connected to the exhaust pipe ( Fig. 1 and   2 ). The exhaust gas emitted by the vehicle passes through a tapered nozzle attached to the exhaust pipe. The nozzle is composed of 112 parallel tubes assumed to deliver equal flows. Only gases coming from one tube are diluted with ambient air in the dilution chamber and then collected in S. Chikhi, M. Boughedaoui, R. Kerbachi and R. Joumard Tedlar bags. The bags are forwarded to the laboratory immediately after each circuit for analysis of the CO, THC, NOx and CO 2 composition. Emission of particles is not measured by this system and is not considered in this study.
Analytical instrumentation
The CO and CO 2 analysis was performed using infrared radiation absorption, with a CosmaEnvironnement SA Crystal 300 device. The NOx was analyzed by chemiluminescence using a Cosma-Environnement SA Topaz 3010 mono-chamber device. The THCs were determined by flame ionization detection (FID) with a Cosma-Environnement SA Graphite 750 device. All devices were calibrated daily with standard gases (purity 99.5%) supplied by Air Liquide company. The mass of pollutants emitted during each test was converted into an emission factor, taking into account the distance travelled, the temperature, the atmospheric pressure and the humidity of the sampled gas.
Vehicles
The 17 vehicles were randomly selected and borrowed from private owners for the entire testing period. All of the vehicles were owned by individuals from different social and professional categories, and were used for both professional and personal purposes. The vehicles included 6 gasoline-powered, 4 diesel and 7 dual gasoline/LPG vehicles, whose characteristics are shown in Table 1 . The subgroup of LPG vehicles was composed of 4 vehicles equipped with a multipoint injection kit and 3 vehicles with sequential multipoint fuel injection ( Table 3) . These vehicles were assumed to be representative of the Algerian passenger car fleet in 2011 in terms of brand, engine size and age. The tested LPG vehicles included vehicles with and without catalytic converters and with three types of injection systems: simple, multipoint, and sequential multipoint injection.
All 7 dual-fueled vehicles were of the same brand and model, with the exception of one, but they had different ages and mileages. This LPG sub-group allowed better comparison among vehicles by eliminating the variability factor between models and brands. Tests were performed on the vehicles without any prior maintenance.
The characteristics of fuels used in Algeria are the following: the sulfur content in Diesel is 500 ppm, the octane index is 96 for gasoline and 95 for unleaded gasoline, and the cetane index is 51 for diesel. The LPG composition is 96% propane during hot periods and decreases to 80% propane in cold periods. Díaz (2000) determined that a mixture with 70% propane appears to be optimal, since it reduces CO and NOx emissions, yet it increases THC emissions.
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Circuit selection
The road circuits were selected on the basis of kinematic measurements using a chase vehicle within the traffic (Boughedaoui et al., 2008) . Ultimately, 7 circuits of 3 types were defined as follows: 3 urban circuits (dense, congested, and fluid) with respective lengths of 2.7, 3.1 and 2.4 km, 2 suburban circuits each 4.2 km long, and 2 motorway circuits 7.9 and 11.0 km long (characteristics indicated in Table 2 ). These 7 circuits are located in Blida in the suburbs of Algiers, the capital city of Algeria. All the test routes used have low gradients of around 0.5%.
5 Emission measurements
A total of 298 tests were conducted during the period between April and September 2011 ( Table 3 ).
Each vehicle was tested at least 3 and up to 6 times on every type of circuit depending on the traffic and environmental conditions. The tests were performed with a hot engine start to avoid the high quantity of pollutants generated by a cold start.
During the test campaign, the vehicle speed was recorded with a Doppler speedometer and a GPS. The ambient temperature ranged between 23°C and 36°C and the humidity varied from 27% to 71%. The tests were conducted between 7 am and 8 pm daily during weekdays and on weekends including all types of traffic and roads (urban, suburban, motorway) except the case of no traffic.
All vehicles were driven by a single driver to avoid any possible variability associated with driving style that could be significant, as indicated by Holmen and Niemeier (1998) . The driver was instructed to drive normally in the traffic flow and to reproduce the average driving traffic conditions as closely as possible.
The data was processed to derive unit emissions in grams of pollutant per km for each test. The results are comparable, since they were recorded on the same circuit and in the same traffic conditions. The THC is expressed in CH 4 equivalent and the NOx in NO 2 equivalent. The emissions from the 3 fuels (gasoline, diesel and LPG) were assessed according to the average vehicle speed and classified according to 10 speed classes, each class having the same weight in the recorded speed distribution. Calculations were subsequently performed to derive emission factors for 4 gaseous pollutants (CO, CO 2 , THC, NOx) from the 3 fuels (gasoline, diesel, LPG). Table 4 groups the average emissions for all tests and fuels. The emissions from the vehicles using multipoint injection LPG without a catalyst are higher than those from the non-catalyzed gasolinepowered vehicles. The vehicles fitted with a multipoint sequential injection kit can comply with the Euro 3 standard and compete with the catalyzed gasoline-powered vehicles. Only the multipoint S. Chikhi, M. Boughedaoui, R. Kerbachi and R. Joumard injection LPG vehicles equipped with catalysts could achieve the emission performance of the catalyzed diesel vehicle for the four gaseous pollutants measured.
Results and discussion
In the case of LPG, the conversion technology used is critical to reduce the levels of pollutant emissions. The emissions from the different LPG systems show that the sequential system is the most efficient as far as pollutant emissions are concerned, with very low levels of CO, CO 2 and THC, but not of NOx.
Emissions from gasoline and diesel
The unit emissions as a function of the average speed are depicted in Figs. 3-6 for a comparison of the different vehicle technologies and fuels.
Non-catalyzed gasoline-powered vehicles emitted high levels of CO, THC and NOx, even for the more recent vehicles less than one year old. Such vehicles are still sold in the market of many developing countries where emission standards are totally lacking or just beginning with Euro 0 to Euro 3 but hardly implemented or controlled. The CO emissions from the non-catalyzed gasoline vehicles ranged from 27 g/km at the average speed of 10 km/hr to 7 g/km at 90 km/hr. The CO 2 varied from 164 to 113 g/km, the THC from 3.5 to 0.8 g/km, and the NOx from 1.4 to 1.5 g/km, for the same speed range. On average, such emission levels of CO, THC and NOx are compliant with pre-Euro standards regardless of the age of the non-catalyzed vehicle considered, up to the most recent vehicle less than one year old.
Catalyzed vehicles are supposed to be fueled with unleaded gasoline, available on the domestic market. However, shortages of unleaded fuel occur periodically, forcing drivers to use leaded gasoline. Catalytic converters are then rarely replaced or maintained due to either high cost or the lack of local technical competence. This is an interesting situation to consider when comparing the impact of different fuels on pollutant emissions in the atmosphere.
The results shown in Table 4 indicate that the dual-fueled vehicles not equipped with catalytic converters emitted high levels of CO 2 when tested with gasoline, indicating excessive fuel consumption. This was observed for all the converted vehicles equipped with a basic injection system, which is optimized for LPG fuel when there is only one electronic calculator unit (ECU). It is not the case for the vehicles equipped with a multipoint injection system with two injection controllers (ECU) leading to double optimization regardless of the fuel used (Karamangil, 2007; Li et al., 2010; Gumus, 2011; Gumus and Ugurlu, 2011; Masi, 2012) .
For catalyzed gasoline-powered vehicles (between 1 and 5 years old), the CO emissions ranged from 2.5 g/km at 10 km/hr to 0.3 g/km at 90 km/hr. The CO 2 varied from 370 to 163 g/km, the THC from 0.35 to 0.05 g/km, and the NOx from 0.06 to 0.22 g/km, for the same speeds respectively. In this case, these vehicles meet the Euro 1 standard for CO, Euro 2 for NOx and Euro 3 for THC.
The emissions from the diesel-powered vehicles equipped with catalytic converters (less than 3 years old) range from 1.9 g/km at 10 km/hr to 0.3 g/km at 90 km/hr for CO, from 0.20 to 0.03 g/km for THC, and from 1.07 to 0.35 g/km for NOx for the same speeds respectively. These vehicles comply with Euro 2 for CO and Euro 3 for THC and NOx.
Comparable results were obtained by Hu et al. (2012) with PEMS on-board measurements on 16 catalyzed diesel taxis in Hong Kong. The authors confirmed the efficiency of diesel compared to gasoline-powered vehicles of the same vehicle category. It is worth recalling that the literature reports that diesel engine technology is less polluting compared to that of gasoline as far as CO, NOx, THC and CO 2 are concerned. Non-catalyzed gasoline-powered vehicles are the most polluting and their conversion to LPG has been admitted as an alternative for pollution abatement.
Emissions from LPG
In this section, the results of the tests conducted on the LPG-powered vehicles are explored and compared with those obtained for the gasoline and diesel vehicles. The specific issues of NOx, THC and CO 2 emissions from LPG fuel are further discussed.
The CO emissions from the non-catalyzed vehicles converted to LPG with multipoint injection ranged from 40 g/km at 10 km/hr to 5 g/km at 90 km/hr. The THC ranged from 2.5 to 0.6 g/km and the NOx from 1.5 to 2.5 g/km, for the same speeds.
However, the emissions from the same vehicle types converted to LPG with sequential injection were much lower than those from the multipoint injection technology, as illustrated in Figs. 3, 5 and 6 for the CO and THC emissions. They ranged from 1.1 g/km at 10 km/hr to 1.8 g/km at 90 km/hr for CO. The THC and NOx emissions ranged from 1.8 to 0.4 g/km and from 1.4 to 2.2 g/km respectively, for the same speeds.
The emissions observed for the vehicles equipped with a catalyst converter and a sequential LPG injection system were much lower than those from the other two vehicle categories. The CO emissions varied from 1.25 g/km at 10 km/h to 0.4 g/km at 90 km/hr. The THC varied from 0.88 to 0.06 g/km and the NOx from 0.26 to 0.53 g/km, for the same speeds.
However, the non-catalyzed vehicles equipped with a sequential multipoint injection kit were significantly less polluting when using LPG than using gasoline (Figs. 1 and 2) . Therefore, the technology used in LPG conversion kits has a significant impact on emissions. Multipoint sequential injection maintains engine performance at a level equivalent to gasoline and drastically reduces pollutant emissions. Such results are in accordance with the literature (Gumus, 2011; Gumus and Ugurlu, 2011; Masi, 2012) . LPG sequential injection has an undeniable environmental benefit compared to LPG simple injection, even in the case of non-catalyzed vehicles.
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NOx emissions
The NOx emissions from the non-catalyzed LPG vehicles for both conversion technologies (sequential and injection) were the highest, ranging from 1.67 to 2.7 g/km (Fig. 6) .
The average of the maximum accelerations recorded among all the tests on different routes amounts to 1.88 ± 0.43 m/sec 2 even for low speeds, with a maximum of 2.53 m/sec 2 . Strong acceleration is known to generate high levels of NOx (Adam et al., 2011) . In real traffic, strong acceleration can increase the formation of NOx, even for catalyzed vehicles, taking into account the deterioration of the three way catalyst (TWC) over time in old vehicles. This could explain why the NOx emissions in the urban or extra urban areas were higher than those measured in Europe, given the strong acceleration measured (André et al., 2006) . 2 g/km of NOx were thus emitted by both vehicles without a catalyst, whether LPG or gasoline-fueled. For similar vehicles equipped with a catalyst, the emissions decreased to 0.4 g/km for the sequential LPG and gasoline engines. Thus, diesel engines still emit relatively high levels of NOx reaching up to 0.6 g/km even when equipped with a catalyst. The NOx emissions from LPG remain a crucial issue, as confirmed in the literature (Yang et al., 2007; Adam et al., 2011; Lau et al., 2011 , Huang et al., 2013 . This is mainly due to the high temperature combustion of LPG (900-1000°C) versus that of gasoline (500-800°C). LPG vehicles emit more NOx than gasoline engines in catalyzed and non-catalyzed vehicles due to LPG's gas thermodynamic properties compared with gasoline. The air/fuel ratio for LPG is generally 15.5 (depending on LPG composition), a ratio higher than that of gasoline (14.7), leading to excess oxygen emission that limits the effectiveness of the three-way catalyst to reduce NOx (Yang et al., 2007) .
Emission measurements performed on a chassis dynamometer with standard cycles such as NEDC or FTP 75 (Daham et al., 2009; Oprešnik et al., 2012; Kousoulidou et al., 2013) have often not included strong acceleration, which overshadows the high NOx emissions measured in real traffic, and consequently have systematically underestimated NOx.
Excess THC emission
All dual gasoline-LPG injection vehicles start up in the gasoline mode, even if LPG is selected as the fuel and even if the engine is already warm. The automatic switch to the LPG mode takes place after a certain lapse of time depending on engine temperature, since LPG's ignition temperature (500°C) is higher than that of gasoline (250°C) (Yang et al., 2007; Adam et al., 2011) . For this reason, specific tests were undertaken to explore the effect on THC emissions of an engine start with gasoline.
Several tests at idling were performed for LPG powered vehicles with a hot engine, to exclude the cold start effect. Samples of exhaust gas were collected for 5 minutes for both of the following
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operations: 1) starting the engine with gasoline and switching automatically to the LPG mode, and 2) starting directly with LPG. When starting with LPG, the THC emission is 10% to 3% lower, depending on the vehicle type. Therefore, the excess THC emission of LPG vehicles is partially due to the gasoline engine start, even with a hot engine. This is particularly the case since the cold start phase is critical for pollutant emissions (Weilenmann et al., 2009 ).
CO 2 emissions
The CO 2 emissions from the non-catalyzed vehicles (Fig. 7) were higher for the sequential injection LPG than for the multipoint injection LPG and the gasoline. This is mainly due to better LPG combustion in the engine and a higher consumption of gaseous fuel (resulting in lower CO and THC emissions with the sequential injection). The air/fuel ratio is better managed by the sequential injection than the multipoint injection, making combustion more efficient.
For catalyzed vehicles, those running on diesel still remain the lowest CO 2 emitters, with 162 g/km compared to 163 g/km emitted by sequential LPG and 209 g/km by gasoline. The CO 2 emission difference among the 3 fuels varies from 10 to 60 g/km depending on the average driving speed.
For both the LPG and diesel fuels, on-board measurements gave similar CO 2 emissions for vehicles with or without catalysts for both LPG injection kit systems.
Earlier studies on a chassis dynamometer (Díaz et al., 2000; Ristovski, 2005; Yang, 2007) reported lower CO 2 emissions for LPG-based vehicles compared to gasoline-based ones, a fact attributed to the high hydrogen/carbon ratio.
Emission standards
Jung et al. (2011) compared emission factors against average vehicle speed by model and year, reflecting the role of regulations on using improved vehicle emission abatement technology. On the other hand, the lack of emission standards is common to many developing countries (Almasri et al., 2011; Hu et al., 2012) . Thus, vehicles are either imported or manufactured without any pollutant emission standards. In Algeria, an emission standard equivalent to Euro 3 does exist but is not enforced, and there is no certification scheme or pollution emission standard inspection scheme. In this case, the only way to assess the vehicle emission standard is to compare the measured emissions with emissions from similar vehicles whose standard is known, such as those in the European Artemis emission database and model (André et al., 2006) . Such a comparison was performed by Chan (2004) (Joumard, 2007; Boughedaoui, 2008) . Accordingly, the vehicles were categorized in three classes of pseudo Euro standards: 10 vehicles as pseudo Euro 0, 2 vehicles as pseudo Euro 1, and 5 vehicles as pseudo Euro 2.
The non-catalyzed vehicle fitted with a simple LPG injection system hardly met the Euro 1 standard, whereas the catalyzed one met Euro 2. Vehicles equipped with a sequential injection system could comply with the Euro 3 standard in the absence of a catalytic converter (Fig. 4) (Hu et al., 2012) . The general belief that vehicles meet the standards of the manufacturing country is unrealistic, since carmakers export vehicles in accordance with the import country regulations. Therefore, renewing a vehicle fleet without considering the emission standard they must meet does not systematically contribute to air pollution abatement.
Vehicle maintenance
The CO/CO 2 and THC/CO 2 ratios express the proportion (in percentage) of unburned gases and are suitable indicators to assess engine maintenance (Pierson, 1996; Chiang, 2008) . Due to vehicle aging and the low level of vehicle maintenance, the TWC deteriorates over time, resulting in higher THC, CO and NOx emissions. Table 5 summarizes the values of such ratios for our vehicles. The CO/CO 2 and THC/CO 2 ratios for all the non-catalyzed vehicles are respectively 5.3% and 0.67%, and are higher than those of their counterpart vehicles in the Artemis database. The level of maintenance is closer to that of Euro 0 vehicles operated in Europe according to the Artemis database.
The same low level of maintenance has been observed for light duty vehicles using similar onboard measurements (Boughedaoui, 2008) . Even in the case of relatively new vehicles, many studies have revealed that a low level of maintenance is the cause of high pollutant emissions, leading to the loss of LPG's environmental advantage.
Conclusions
Our project was designed to study the emissions of private, in-use cars using gasoline, diesel and LPG fuels. An on-board system was used to measure the emissions of these vehicles during real use. The pollutant emission levels were studied with respect to fuel and engine technology.
Under real driving conditions, the LPG performance appears to be lower than expected based on the chassis dynamometer. The NOx emissions are higher or comparable depending on the type of conversion kit and the catalyst converter if installed.
There is evidence that many new cars are as polluting as older ones. This indicates that vehicles imported by developing countries do not systematically meet the latest standards in force in the country of origin. The enforcement of pollutant emission standards by the importing country is the only way to introduce cleaner technology and reduce vehicle emissions.
Measurements on LPG vehicles helped to distinguish between the emission levels by using the LPG conversion kit technology, and to highlight the importance of adjusting the conversion kit as well as of engine maintenance. LPG can compete with liquid fuels as an alternative fuel only if third and fourth generation LPG conversion kits are used, corresponding respectively to multipoint and sequential injection.
A switch to LPG fuel offers many advantages regarding pollutant emissions due to its intrinsic characteristics. Yet due to insufficient LPG optimization and maintenance, these advantages are being rapidly offset by the significant progress of both gasoline and diesel engine technologies and catalysts.
Further work on the real emissions of unregulated pollutants from different fuels will contribute to better assess air pollution due to engine fuel combustion. Fig. 2 Instrumented vehicle with the mini-CVS measurement system. 
